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Introduction
Cardiac surgery on arrested heart with the application
of extracorporeal circulation has been a safe method of
treatment of numerous heart diseases, including coro-
nary disease, for dozens of years. However, the cessa-
tion of coronary circulation involves the risk of postis-
chemic reperfusion injury in the form of low output
syndrome or the irreversible heart infarct (necrosis) [1-
4]. To minimise the consequences of the myocardial
ischemia during the surgery, a number of protection
methods have been introduced, the most important one
is the application of cardioplegia [5,6]. 
The heart is an organ characterised by exceptional
aerobic metabolism which is extremely sensitive to
ischemia: the reserve of ATP after aorta cross-clamp-
ing (cessation of coronary perfusion) is sufficient for
only about a dozen heart systoles. As a result of coro-
nary circulation cessation the oxidative phosphoryla-
tion cessation takes place, ATP level decreases, there is
also anaerobic metabolites retention as well as free
radicals and peroxide production. 
The production of free radicals and oxidative stress
that induces myocardial injuries in the ischemia/reper-
fusion period and the detection of oxidative stress after
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cardioplegic arrest are susceptible indicators of the
efficacy of myocardial protection. 
The toxic effect of reactive oxygen forms (ROF)
during reperfusion is called oxidative stress (OS) and
is related to the affinity of ROF to cell structures
including lipids, proteins and nucleic acids. The oxida-
tive reaction leads to cell malfunctions or even cells
necrosis the consequence of which is organ insuffi-
ciency (the so called postoperative heart failure) [7,8].
A conventionally used method of heart muscle pro-
tection is cardioplegia implemented to cardiac surgery
as a standard in the 50s of the previous century. Cur-
rently applied cardioplegic solutions are based on
depolarizing abilities of potassium ions; however,
research is conducted on low-potassium cardioplegia
using sodium or magnesium ions [5,9,11]. 
The protective effect of cardioplegia consists in
quick cardiac arrest in diastole by cell membrane
depolarisation and suppressing its electric activity. The
additional decrease of myocardium oxygen demand
during long operative procedures may be achieved by
decreasing heart temperature thanks to: external cool-
ing or cooled cardioplegic solution.
Currently used cardioplegic solutions are divided into
two groups, the first one i.e., blood cardioplegia is based
on patient's own blood and the other one the crystalloid
cardioplegia, is an ion aqueous solution, its formula is
similar to intracellular or extracellular fluid. Blood car-
dioplegia is obtained by mixing patient's blood with
crystalloid cardioplegia by a ratio of 4:1 or 8:1, another
method is adding potassium ions directly to blood (e.g.:
the Calafiore protocol). Cardioplegia is administered to
an aortic bulb, directly to coronary ostium (the so called
antegrade) or to coronary sinus (the so called retrograde)
at 37°C (normothermia) or below this temperature
(hypothermia). At present there is no universal method
of heart muscle protection. The selection of a particular
method depends mainly on the preferences and experi-
ence of a particular centre or surgeon [5,6].
There are numerous publications comparing blood
and crystalloid cardioplegia [17-21]. Most of the
authors claim that blood cardioplegia has better pro-
tective activity thanks to natural antioedematous,
buffering and antioxidative properties. Thus it is rec-
ommended especially in the case of patients with
decreased left ventricle ejection fraction or in the case
of patients with indications for an urgent procedure,
e.g. recent infarct or instable angina [8,12,13]. Regard-
less of this, in meta-analyses encompassing both long-
an short-term observations, no significant differences
in mortality, morbidity and life quality after surgical
heart revascularisation were found [17,18]. Moreover
the supporters of crystalloid cardioplegia direct atten-
tion to lower costs and easier administration (often in
one dose) which additionally reduces the time of aorta
cross-clamping and myocardial ischemia. 
In the Department of Cardiac Surgery of the Wro-
claw Medical University we use mainly warm blood
cardioplegia (in normotermia) in accordance with the
Calafiore protocol (Table 1).
The aim of the study was to analyse oxidative stress
indicators (MnSOD) in heart muscle samples taken form
right atrium auricle of patients subjected to coronary
artery bypass grafting (CABG). Additionally protective
properties of applied warm blood cardioplegia were to be
estimated in the aspect of apoptotic cells occurrence and
changes in cardiomyocytes ultrastructure.
Materials and methods
Patient population. Prospective research encompassed 8 patients
(1 woman and 7 men) at the age of 55-87, the average age was
69±8.56, with stabile coronary disease (mean CCS was 2, Euro
Logistic 2.65%) and good initial left ventricle ejection fraction
(EF), (Table 2). The present study followed the ethical guidelines
of our department and informed consent was obtained from all
patients. 
Surgical technique. All patients underwent surgical coronary
revascularisation (CABG) by sternotomy using cardiopulmonary
bypass (CPB). Warm blood cardioplegia protection was adminis-
tered according to the Calafiore protocol in maximum three por-
tions into the aortic bulb. Mean ejection fraction before the proce-
dure was 60.62(±9.5)% for the whole group, mean time of the
aorta cross-clamping was 29.5(±9.46) minutes. Approximately
Table 1. Administration of warm blood cardioplegia according to the Calafiore protocol at 37°C.
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3(±0.5) coronary artery bypass grafts were applied; each patient
received one arterial by-pass (the left interior thoracic artery to the
left anterior descending artery). Right atrium auricle biopsy spec-
imens were collected from all patients: the first one when con-
necting cardiopulmonary bypass, the second one after reperfusion
time, before decannulization. All specimens underwent immuno-
histochemical examination and ultrastructure analysis under an
electron microscope.
Preparation of the paraffin sections. The auricle biopsy speci-
mens were fixed in 10% neutral-buffered formalin solution, cut
into 2 × 2 × 0.5 mm blocks and dehydrated in a series of graded
ethanol solutions and set in paraffin. The paraffin blocks were cut
at room temperature at 3.5 μM thickness using a microtome (Leica
RN 2255). The cut fragment was floated on distilled water, mount-
ed on glass slide, then it was dried on a hot plate at 60°C. The sec-
tions were deparaffinised in a xylene-ethanol series and also dehy-
drated in an ethanol-xylene series. The slides were used to
immunohistochemical staining and TUNEL examination.
Apoptosis estimation by the TUNEL method. The percentage of
apoptotic cells was estimated by the TUNEL method (ApopTag In
situ Apoptosis Detection Kit – Peroxidase Oncor – Gaithersburg,
USA) using the activity of terminal deoxynukleotidyl transferase
(TdT). The method allows detecting six times more apoptotic cells
than classical histological techniques because it detects late stages
of apoptosis.
Immunocytochemical analysis of MnSOD expression. The sec-
tions underwent mitochondrial superoxide dismutase (MnSOD)
expression test with the application of monoclonal antibodies
against MnSOD (Santa Cruz, USA), in 1:100 solution. The assess-
ment of reaction intensity was made with Olympus BH microscope
(Olympus, Japan). The intensity of the immunohistochemical
staining was evaluated in the following way: (-) negative, (+) poor,
(++) medium and (+++) strong.
Ultrastructure analysis. Biopsies were fixed in cold 2,5-glu-
taraldehyde in 0.1 mol/L cacodylate buffer (pH 7.3), postfixed in
1%OsO4, dehydrated, and embedded in Epon. Thick sections
(about 1 μm) were stained with toluidine blue and observed by
light microscopy in order to select fields. Ultrathin sections were
mounted on copper grids, stained with uranyl acetate and lead cit-
rate, and examined under a Jem-100C (JEOL, Japan) electron
microscope. Electron micrographs were taken systematically at
×5000 magnification. 
Results
The obtained, satisfactory results of the operation with
acceptable morbidity and zero inter-hospital mortality
in the whole group are presented in Table 3. Taking
into account the average number of implanted bypass-
es, namely 3±0.5, we obtained short aorta cross-
clamping time – 29.5±9.46 and short total time of the
cardiopulmonary bypass (CPB). A slightly longer stay
in the postoperative unit is related to the occurrence of
atrial fibrillation (AF) in three operated patients, which
makes over 1/3 of the whole group, and to rethoraco-
tomy resulting from bleeding in one of the patients.
Two patients required inotropic support with cate-
cholamine infusion during the first hours after the
operation, it was discontinued within the first twenty
four hours of hospitalisation in the postoperative unit.
No low output syndrome was observed and none of the
patients required intra aortic balloon pump (IABP). No
perioperative heart infarct was diagnosed although the
level of creatine kinase MB (CK-MB) slightly exceed-
ed twice the upper limit. However, EF after the opera-
tion did not significantly differ from the initial value.
All patients were released from hospital to await a
place in the cardiological rehabilitation department.
Immunocytochemical analysis of MnSOD
expression
After the surgery procedure the MnSOD expression
increase in sections of right atrium auricles was
observed through the increase of stain intensity and the
percentage of cells with positive stain (from 30 to
80%), (Table 4).
TUNEL assay
Table 2. Preoperative profile of patients. Table 3. Early operative results.
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The apoptotic cells percentage remained at approx-
imately the same level before and after the surgery
procedure, (Fig. 1A, 1B, 1C). 
Ultrastructure analysis
Under the electron microscope insignificant patholog-
ical changes at the level of mitochondria and cyto-
plasm of cardiomyocytes from the right atrium auri-
cles were observed (Fig. 2A, 2B): cytoplasm vac-
uolization, translucent mitochondrial matrix, changed
shape of mitochondria and abnormal filament organi-
sation in comparison with the examination before the
surgery procedure (Fig. 2C).
Discussion
In most cardiosurgical procedures, the heart is kept
arrested for a substantial amount of time and subse-
quently undergoes reperfusion. The previous study
documented the ROF formation upon reperfusion of
ischemic myocardium with the consequent oxidative
injury to cell function and structure [1-4,15,16]. The
ROF production during the cardioplegic arrest is
reduced by antioxidant enzymes [10,24] which are one
of OS markers. In available publications related to
myocardial ischemia/reperfusion injury, some of the
most common markers used for the assessment of OS
are: glutathione (GSH) [1,9,11], oxidized glutathione
(GSSG) [1,7], manganese superoxide dismutase
(MnSOD) [10,24], myeloperoxidase (MPO) [8] or
thiobarbituric acid reactive substances (TBARS) like
malondialdehyde (MDA) [8,11,14].
In our study we chose MnSOD, an enzyme which
protects mitochondria from I/R injury and is the main
antioxidant in all cells exposed to ROF. Thanks to the
application of a sensitive and convenient method of
direct determination of MnSOD using monoclonal anti-
bodies, it was possible to observe a significant increase
in its expression after reperfusion time, similar to 
Fig. 1. (A) Apoptosis: before the surgery procedure (stain on paraffin section of a right atrium auricle, original magnification ×400). (B)
Apoptosis: after the surgery procedure (stain on paraffin section of a right atrium auricle, original magnification ×400). (C) Apoptosis:
control staining of the paraffin section of a right atrium auricle (original magnification ×200).
Fig. 2. (A) Ultrastructure of right atrium auricle after the cardiac surgery procedure. Visible cytoplasm vacuolization and translucent mito-
chondrial matrix. (B) Ultrastructure of right atrium auricle after the cardiac surgery procedure. Changed shape of mitochondria and visi-
ble abnormal filament organisation). (C) Ultrastructure of control right atrium auricle before the cardiac surgery procedure (original mag-
nification ×5000).
Table 4. MnSOD expression.
Suzuki et al. [10] and Chan et al. [24] who had used
animal hearts in their studies. OS markers are assessed
in blood or myocardium tissue biopsies. In blood sam-
ples taken from coronary sinus Ferrari et al. determine
GSH and GSSG [1], similar to Morishige et al. –
GSSG, MPO, MDA [8]. Tao et al. used blood from
coronary sinus and peripheral vessels to estimate GSH
[9], Milei et al. determine GSH and TBARS in blood
samples taken from arterial line (CPB) and tissue biop-
sies of a left ventricle [11].
We decided to sample human right auricule intra-
operatively because it is easy and safe to do that dur-
ing cardiosurgical procedures. There are some authors
who also obtained human right auricular samples, e.g.
Abraham et al. presented an electromechanical dys-
function of myocardial specimens after remote exoge-
nous ischemia-reperfusion [25], Canty et al. deter-
mined the activation of oxidative stress-responsive
transcription factor in homogenized auricule tissue
[27]. Atrial tissue was also used by Bukowska et al. for
in vitro pacing experiments [28]. Wang et al. proved
the cardioprotective effect of osteopontin against car-
diac ischemia-reperfusion injury by measuring the
SOD activity and MDA content in cells [29].
The TUNEL method detects single-stranded and
double-stranded DNA breaks associated with apopto-
sis. Chronic ischemia related to coronary disease may
cause the apoptosis of cardiomyocytes. In our study
the apoptotic cells percentage remained at approxi-
mately the same level before and after the operation
which proves the effectiveness of the applied warm
blood cardioplegia. Similar to Gong et al., who esti-
mated apoptosis in the atrium of patients with atrial
septal defect, no TUNEL reactivity in the biopsy sec-
tion from healthy control group [26] was observed.
However Schmitt et al. found a small increase in the
number of apoptopic cells after the operation, howev-
er, he used different cardioplegia (cold crystalloid) and
the mean cardiac arrest time was twice as a long as in
our research [30].
We also found less significant pathological changes
in the cells under the electron microscope than Milei et
al.[11]. Differences may be connected with the shorter
aortic cross-clamp time and with the increased sensi-
tivity of the left ventricle myocardium to ischemia
compared to right atrium cardiomyocytes.
However, insignificant changes in right atrium
auricles ultrastructure and a similar percentage of
apoptotic cells before and after the surgery accompa-
nied by good surgery results prove the effectiveness of
the applied myocardial protection [7,8,11,26]. On this
basis one may assume that in the case of cardiosurgi-
cal procedures with short aorta cross-clamping time
(mean aorta cross-clamping time: 29.5min. (±9.46) in
our material) as well as low operation risk level (mean
logistic EuroSCORE: 2.65% in our material), the
application of cardioplegia sufficiently prevents ROF
cytotoxic activity although it does not inhibit the
expression of OS markers [11].
The obtained results allowed to confirm the earlier
observations related to the significance of OS during
the reperfusion of cardioplegic arrested human heart
[4,10,12,14,15,26] . More importantly the investigated
material used in this work, i.e. a right atrium auricle, is
relatively easily available and a sample can be taken
safely and this is what makes the method worth rec-
ommending in clinical research.
Conclusion
In our opinion the method of examining right atrium
sections is safe and provides results comparable with
other publications. Summarizing, the antegrade perfu-
sion of warm blood cardioplegia safely protects the
human myocardium as cold blood cardioplegia. Fur-
thermore, warm blood cardioplegia reduces the degree
of myocardial oxidative stress during the reperfusion
period after cardioplegic arrest. This consequence pos-
sibly will help in protection and resuscitation of the
myocardium under environment of more severe or
prolonged ischemia.The method may be developed to
encompass the examination of substances enriching
cardioplegia, it may also be a voice in the discussion
on new methods of heart protection during cardiac sur-
gery procedures.
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